ABSTRACT. Time-series radiocarbon measurements have substantial ability to constrain the size and residence time of the soil C pools commonly represented in ecosystem models. 14 C remains unique in its ability to constrain the size and turnover rate of the large stabilized soil C pool with roughly decadal residence times. The Judgeford soil, near Wellington, New Zealand, provides a detailed 11-point 14 C time series enabling observation of the incorporation and loss of bomb 14 C in surface soil from 1959-2002. Calculations of the flow of C through the plant-soil system can be improved further by combining the known constraints of net primary productivity (NPP) and 14 C-derived C turnover. We show the Biome-BGC model provides good estimates of NPP for the Judgeford site and estimates NPP from 1956-2010. Synthesis of NPP and 14 C data allows parameters associated with the rapid turnover "active" soil C pool to be estimated. This step is important because it demonstrates that NPP and 14 C can provide full data-based constraint of pool sizes and turnover rates for the 3 pools of soil C used in nearly all ecosystem and global C-cycle models.
INTRODUCTION
Time-series radiocarbon measurements have substantial ability to constrain the size and residence time of the soil C pools commonly represented in ecosystem models (Parton et al. 1987; Jenkinson 1990; Baisden and Amundson 2003) . Understanding the nature of soil C and its response times to disturbances including land-use change and climate has been and remains a top priority in the science required to develop predictive understanding of the global C cycle (Jenkinson et al. 1991; Trumbore 2009 ). 14 C remains unique in its ability to constrain the large stabilized C pool with decadal residence times, across a range of soils. 14 C also contributes usefully to constraining the size and turnover rate of the passive pool, but typically struggles to constrain pools with residence times less than a few years. Overall, the number of pools and associated turnover rates that can be constrained depends upon the number of time-series samples available, the appropriateness of chemical or physical fractions to isolate unequivocal pools, and a series of critical assumptions (Trumbore 2009; .
A major complication in the use of 14 C data to constrain soil C dynamics has been understanding turnover and transport as a function of soil depth (Baisden et al. 2002; Baisden and Parfitt 2007; Jenkinson and Coleman 2008) . However, recent work has shown that 14 C-derived turnover times from bulk soil in surface horizons can be consistent and representative of much wider depth increments in New Zealand grassland soils Baisden et al. 2010 , opening the way for wide use of relatively simple time-series bulk-soil 14 C measurements to constrain the parameters describing the 3 pools of soil C commonly represented in models. This work describes the use of net primary productivity to assist time-series 14 C data at a well-studied site in constraining the dynamics of the fast-cycling "active" soil C pool, as well as the "stabilized" (decadal) and "passive" or "inert" (millennial) pools.
METHODS

High-Resolution Time Series in the Judgeford Soil
Data reported for the Judgeford soil under grazed pasture is as reported in O' Brien and Stout (1978) and Baisden and Parfitt (2007) . Briefly, the site is at 41.1S with mean annual rainfall of ~1300 mm and soils are of a silt-loam texture. The 1973 and 2003 sampling sites differ slightly from those used earlier due to disturbance (Baisden and Parfitt 2007) .
Pasture NPP -Measurement and Modeling
Pasture productivity at the well-studied Judgeford site was measured as part of studies to determine the impact of topsoil mining on pasture production and soil fertility (Hart and August 1988; Hart et al. 1989) . All data used for this study was from control treatments representing normal agricultural practices, and has been recovered from laboratory reports. Pasture production was measured according to the widely used methods of Radcliffe (1974) using harvests of aboveground biomass obtained from animal grazing enclosure cages. Using these methods, estimates of NPP can be depressed somewhat from optimal values due to the initial biomass after the previous harvest and declining growth combined with litter production over long periods. The harvest periods in this study were long, and therefore assumed to slightly underestimate true aboveground production under grazing. Total NPP has been calculated assuming that dry matter harvested is 50% C by mass, and that total NPP including belowground root growth is twice that of aboveground NPP. In this study, the sitebased NPP data are used only to verify that the independent estimates provided by the Biome-BGC model are reasonable.
Model estimates of NPP are preferred over the limited period of measurements because grassland NPP is highly dependent on year-to-year and season-to-season climate variability. We use the Biome-BGC model v 4.2 (Thorton and Rosenbloom 2005) to estimate grassland NPP for the site based on climate data from nearby stations for 1956-2010. The model has been calibrated to New Zealand sites with long-term pasture production data (Keller et al. 2011 ). Three sites have been used for calibrating sheep and beef grazing land representing the type of agriculture land use at the Judgeford site, using the PEST parameter estimation software (www.pesthomepage.org).
Soil Radiocarbon Model
A spreadsheet-based box model similar to that presented in has been used, with the following changes. The stabilized pool has been implemented so that a steady state is no longer assumed, and each year's inputs have been scaled to vary in proportion to NPP in that year, while maintaining the correct long-term average. Similarly, an active pool has been added to the model, so that the long-term average size of the active pool is an adjustable parameter, and the size of the active pool in any given year is proportional to NPP in that year. All inputs are assumed to have the 14 C equivalent to that year's atmosphere as recorded in Currie et al. (2011) . The NPP prior to the study period was assumed to be equivalent to the 1956-2010 average. The total soil C stock was set to match the observed soil C stock of 14.6 kg m -2 within the upper 30 cm, calculated as the average stock from multiple samplings of the site at different times.
The simple combination of a soil C stock and an NPP model describing time-dependent inputs to soil C pools provide an opportunity for synthesis. The soil C stock is split into 3 pools and a turnover rate applied to each pool, which should then match the long-term average rate of C inputs. This assumption lies between a true steady-state model and a fully dynamic model, and is consistent with the assumption that the turnover times (yr) of each soil C pool are the inverse of the turnover rate (yr -1 ). Synthetic constraint was provided by using the solver in Microsoft Excel to minimize the sum of squared errors resulting from the following model-data comparisons. First, each soil 14 C measurement was compared with an associated modeled value. Second, the total flow of C through the system obtained by multiplying the size of each soil C pool by its turnover rate was compared to NPP. The latter measurement was calculated in kg m -2 yr -1 and scaled by a factor of 200 within the sum of squares calculation to make the relevance of NPP errors comparable to the sum of 11 14 C model-measurement comparisons.
RESULTS AND DISCUSSION
The comparison of measured to modeled aboveground NPP at the Judgeford site is shown in Figure 1 . Based on the comparison shown, the available data from pasture production measurements are considered to verify the model outputs in terms of aboveground production. It must be noted, however, that no measurements of root production have been made at Judgeford, and the assumption that total production is twice aboveground production remains a major source of uncertainty. With this assumption, total NPP estimated from the New Zealand implementation of the Biome-BGC model averages 1.26 kg C m -2 yr -1 during the period 1956-2010.
This estimate of long-term NPP at the site makes it possible to use the total turnover of C as an additional constraint in the practice of using a time series of measured and modeled 14 C values to solve for soil C pool sizes and turnover times. The solution obtained, assuming an active pool turnover rate of 0.5 yr -1 , is shown in Figure 2 . The parameter values associated with this solution are given in Table 1 . This solution does not differ visibly from that presented in . In contrast to previous work, which assumed steady state and recognized only an stabilized/decadal pool and passive/millennial pool, the work described here has the advantage of recognizing the existence of an active pool with year-to-year dynamics driven by NPP changes.
Introducing an active pool appears to introduce the risk that the model can be underdetermined, meaning that the addition of the 2 parameters (active pool size and turnover rate) cannot be constrained by the data since 4 parameters are already being determined. It is therefore appropriate to examine the sensitivity of the model to different active pool turnover rates, while solving for the size of the active pool. The results from this exercise are shown in Table 2 . The sum of squared error values suggest that a range of nearly equivalent best-fit solutions exist with active pool turnover times ranging from ~0.2 to 0.5 yr. Model solutions become unstable for turnover times <0.18 yr and 1.8 yr, with a range of plausible solutions between these values. It is unsurprising that 14 C provides little constraint of these short turnover rates, since the resolution of 14 C in carbon cycle studies is on the Figure 1 Pasture production measurements (thick line) obtained by Hart and August (1988) in comparison to daily aboveground NPP modeled using the Biome-BGC. The vertical axis shows dry matter production (DM) in units of kg ha -1 d -1 , noting that 1 kg DM is assumed to equal to 0.5 kg C. order of 100 yr when variation is driven by radioactive decay and several years to decades when variation is driven by bomb 14 C dynamics. The problem of constraining the active pool using NPP also appears to be exacerbated by poor knowledge of belowground NPP, which has not been quantified at the Judgeford site.
To improve the use of 14 C in soil carbon cycle studies, it is useful to ask: Does the uncertainty in constraining the active pool undermine the value of bomb 14 C in constraining the size and residence time of the stabilized pool that may react to climate change, land use, and other disturbances on decadal timescales that are difficult to study with agricultural or ecological treatment experiments lasting 3 yr? Within the range of solutions in Table 2 , it can be seen that the size of the active pool tends to trade-off against its residence time, as do the same size and turnover time of the passive pool. These trade-offs within the range of solutions having similar sum of squared error values suggest that active and passive pool parameters should be treated with some caution. As expected, there is less trade-off in the size and turnover time of the stabilized pool, particularly for active turnover times of 0.2-0.5 yr. Size varies from 0.71 to 0.73 and turnover time from 19.2 to 20.1 yr. Furthermore, the fraction of total soil C turnover (e.g. heterotrophic respiration) derived from stabilized soil C varies only from 0.39 to 0.44 across the full range of solutions. This result emphasizes that timeseries 14 C measurements constrain model parameters that describe the incorporation and loss of bomb 14 C. It is also worth comparing the results obtained here with those obtained from the steady-state model with no active pool in . The final row of Table 2 shows that under steady-state conditions, with no active pool, a turnover time of 17 yr was found for the stabilized pool, versus 19-20 yr for the preferred solutions in Table 2 . Somewhat surprisingly, introducing an active pool with the model structure used here results in a slight increase in stabilized pool size, with the fraction of total soil C increasing from 0.68 to 0.71-0.73. This is compensated for by decreases in the fraction of passive C, and increases in the residence time of the passive pool. Thus, only small variability and uncertainty is observed to be associated with solutions from different formulations of models used to estimate the flow of bomb 14 C through the stabilized pool.
The relatively simple approach of including estimates of NPP with time-series 14 C data to further constrain the size and turnover of the pools commonly used to model soil C appears very promising. Similar constraint of soil C dynamics has previously only been achieved through much more complex 14 C applications involving depth-dependent transport modeling, density fractionation, and soil respired CO 2 (Gaudinski et al. 2001; Baisden et al. 2002) . This method appears widely applicable for grazed pasture, and ecosystems where large stabilized pools with decadal residence times exist. The value of 14 C measurements from time-series samples cannot be overemphasized for removing the uncertainty associated with size and turnover of this large stabilized pool from nearly any soil Ccycle study or modeling exercise.
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